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How and when the vertebrate endoderm is first subdivided into discrete progenitor cell populations that will give rise to the different
major organs, including pancreas and liver, are only poorly understood. We have used Xenopus laevis as a model system to characterize these
events, since it is particularly suited to study the early embryonic patterning in vertebrates. Our experimental results support the notion that
retinoic acid (RA) functions as an essential endodermal patterning signal in Xenopus and that it acts as early as during gastrulation. As a result
of RA treatment, the expression of Sonic Hedgehog (Shh), a known inhibitor of pancreas development in other vertebrate systems, is
negatively regulated in the dorsal prepancreatic endoderm. Furthermore, RA is found to promote endocrine at the expense of exocrine
differentiation in the dorsal pancreas, correlating with a specific inhibition of Notch signaling activities in this territory. Conversely, RA
enhances exocrine marker gene expression in the ventral pancreas.
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The endodermal germ layer gives rise to a number of
different organs, including liver and pancreas. In amphibia
and higher vertebrates, the pancreas is derived from three
different primordia, one dorsal and two ventral pancreatic
buds. During embryonic development, one of the two
ventral buds regresses, and gut rotation results in the
juxtaposition of dorsal and ventral buds, which fuse to
form one organ. The mature pancreas consists of a number
of different cell types, organized in form of two principal
functional units, the endocrine and the exocrine pancreas
(reviewed in Edlund, 2002; Kumar and Melton, 2003;
Slack, 1995). The liver arises from the same population0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.03.030
* Corresponding author. Georg-August-Universita¨t Go¨ttingen, Zentrum
Biochemie und Molekulare Zellbiologie, Abteilung Entwicklungsbioche-
mie, Justus von Liebig Weg 11, 37077 Go¨ttingen, Germany. Fax: +49-551-
3914614.
E-mail address: tpieler@gwdg.de (T. Pieler).
1 These authors contributed equally.of precursor cells as the ventral pancreas (reviewed in
Zaret, 2002).
Lineage tracing analysis in Xenopus suggests that the
pancreas originates from the dorsal endoderm of stage 10.5
gastrulae (Chalmers and Slack, 2000). These early endoder-
mal precursor cells form in a cell-autonomous manner under
the control of the maternal transcription factor VegT and the
dorsalizing activity of h-catenin. On the basis of results
obtained with vegetal explants from blastula stage embryos,
it has been suggested that this early embryonic endoderm is
already prepatterned along the dorsal–ventral body axis, as
evident from the differential expression of endodermal
marker genes such as XlHbox8 (Gamer and Wright, 1995;
Henry et al., 1996), as well as XHex and cerberus (Zorn et
al., 1999) in dorsal but not ventral vegetal explants. A more
recent report provides strong evidence that specification of
the endoderm along the anteroposterior body axis relies on
the inductive activity of adjacent mesodermal tissue in
tailbud stage embryos (from stage 25 onwards) and that
mesodermal precursor cells may also be present in vegetal
explants (Horb and Slack, 2001). The molecular identity of
the signals involved in these early endodermal patterning
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h signaling has been found to exert a positive regulatory
function in the vegetal explant system (Gamer and Wright,
1995; Henry et al., 1996; Zorn et al., 1999).
The dorsal pancreatic bud forms at stage 35/36, followed
by the ventral rudiments at stage 37/38. The earliest pancre-
atic differentiation marker is insulin, which is confined to the
dorsal pancreatic anlage during early development (Kelly
and Melton, 2000). Exocrine differentiation, as first detected
at stage 39 by expression of XPDIp, occurs in both dorsal and
ventral pancreas (Afelik et al., 2004). The dynamic move-
ments of the gastrointestinal tract during stage 40 shift the
dorsal pancreatic primordium towards the ventral one, allow-
ing for the fusion of the two pancreatic lobes to complete by
stage 40 (Afelik et al., 2004; Kelly and Melton, 2000).
Several transcription regulators (such as Pdx1, Hlxb9,
p48/Ptf1a) have been described, which identify pancreatic
progenitor cells before expression of the pancreas differen-
tiation markers can be detected (reviewed in Edlund, 2002).
A critical combination of multiple of these transcription
regulators is thought to be necessary to control the initial
pancreas specification, as some of these factors are also
expressed outside of the pancreatic anlage. A second,
partially overlapping wave of transcription factor activity
operates in the differentiation of the individual exocrine and
endocrine cell types. Several of these factors (such as p48,
Hes1, ngn3, and NeuroD) appear to be directly linked to the
Notch signal transduction cascade. It has been demonstrated
in the mouse that Notch activation suppresses endocrine
differentiation and may be involved in maintaining the
undifferentiated state of pancreatic precursor cells (Apelqv-
ist et al., 1999; Hald et al., 2003), while the ngn3-induced
gene cascade seems to promote endocrine cell differentia-
tion (Gu et al., 2002).
The development of the pancreas has been found to be
under the control of signaling molecules secreted from
neighboring tissues. TGFh and FGF signals from the
notochord seem to exert a function in repressing Sonic
Hedgehog (Shh) expression in the dorsal pancreatic endo-
derm. Ectopic expression of Shh in this same domain has
been shown to impair pancreas formation, while overall
inhibition of the Hedgehog-induced signal transduction
pathway leads to heterotopic pancreas development
(reviewed in Hebrok, 2003). Circumstantial evidence also
indicates a restrictive role for Shh in ventral pancreas
development (reviewed in Zaret, 2002). Furthermore, it
was also demonstrated that the endothelium of blood vessels
that are in transient, direct contact with the dorsal and both
ventral pancreatic primordia also functions as an essential
signaling source for pancreas development (Lammert et al.,
2001). However, the molecular identity of the signal(s)
involved remains to be elucidated.
Retinoic acid (RA), which operates via direct binding to
a number of different nuclear receptors that are expressed as
various isoforms in complex patterns during embryogenesis,
is a well-characterized signaling molecule that acts inanteroposterior patterning of neuroectoderm and mesoderm
in vertebrates (reviewed in Maden, 2001). More recent data
indicate that RA may also be involved in the regionalization
of the embryonic endoderm. Specifically, Stafford and
Prince (2002) have revealed that RA signaling at the end
of gastrulation is required for both liver and pancreas
specification in the zebrafish system. Spatial and temporal
characteristics of RA synthesis in the developing embryo
are primarily controlled by the activity of two metabolic
enzymes; CYP26 inactivates RA, and RALDH2 is involved
in the synthesis of RA (reviewed in Chen et al., 2004). We
have previously characterized these two activities in Xen-
opus embryos; the expression characteristics observed for
the two enzymes during Xenopus gastrulation (Chen et al.,
2001; Hollemann et al., 1998) suggest that RA signaling
may also be relevant for patterning of the dorsal endoderm
that gives rise to liver and pancreas.
In this study, we have investigated the role of RA
signaling in pancreas and liver development in Xenopus.
We find RA to be essential for aspects of pancreas but not
liver formation. Inhibition of RA signaling at gastrula stages
results in an expansion of Shh expression into the prospec-
tive dorsal pancreatic endoderm, correlating with a loss of
dorsal exo- and endocrine pancreas development. The
ventral pancreas is only moderately affected under these
conditions. Conversely, application of excessive RA during
gastrulation expands the endocrine cell population at the
expense of exocrine cells in the dorsal pancreas, correlating
with a negative regulation of Notch signaling activity. In
contrast, increased RA levels expand exocrine marker gene
expression in the ventral pancreas, while development of the
liver is inhibited. These findings reveal a link between RA-
mediated prepatterning of the primitive endoderm with Shh
and Notch signaling as regulators of pancreas development.
Furthermore, they also define a scenario for pancreas
development in Xenopus that is closely related to the
situation in the mouse but significantly different from the
one in zebrafish.Materials and methods
Embryo cultivation
RA (all-trans-RA, Sigma), BMS453 (a gift from Bristol
Myers Squibb), and all-trans-retinal (Sigma) were first
prepared as 10-mM stock solutions in 100% ethanol (RA
and retinal) and dimethyl sulfoxide (DMSO, BMS453) and
then diluted into desired concentrations with 0.1  MBS (at
least 1:1000 dilution). Corresponding amount of ethanol and
DMSO was added to control embryos.
Whole-mount in situ hybridization
Whole-mount in situ hybridization was done in princi-
ple as described (Harland, 1991) with modifications as
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prepared as follows: XlHbox8 (RT–PCR cloning into
pCS2+, GenBank accession no. X16849), cut with ClaI,
transcribed with T7 RNA polymerase; insulin (RT–PCR
cloning into pGEMT, GenBank accession no. M24443),
cut with NotI, transcribed with T7 RNA polymerase;
glucagon (Horb and Slack, 2002), cut with NotI, tran-
scribed with T7 RNA polymerase; somatostatin (from
Marko Horb, GenBank accession no. AY372267), cut with
NotI, transcribed with T7 RNA polymerase; XPDIp (Afelik
et al., 2004), cut with BamHI, transcribed with T7 RNA
polymerase; XtnIc (Drysdale et al., 1994), cut with NotI,
transcribed with T7 RNA polymerase; XHex (Newman et
al., 1997), cut with BamHI, transcribed with T7 RNA
polymerase; Cyl18 (Chen et al., 2003), cut with ClaI,
transcribed with T3 RNA polymerase; X-Shh (Ekker et
al., 1995), cut with Xbal, transcribed with T3 RNA
polymerase; XCYP26A1 (Hollemann et al., 1998), cut
with EcoRl, transcribed with T7 RNA polymerase;
XRALDH2 (Chen et al., 2001), cut with BamHl, tran-
scribed with T7 RNA polymerase; xHB9 (Saha et al.,
1997), cut with Xbal, transcribed with T3 RNA polymer-
ase; PTF1-p48 (degenerative RT–PCR cloning into
pGEMT), cut with Sall, transcribed with T7 RNA poly-
merase; NeuroD (Lee et al., 1995), cut with Xbal, tran-
scribed with T7 RNA polymerase; ESR10 (Li et al., 2003),
cut with SalI, transcribed with T7 RNA polymerase; Hoxb-
1 (Godsave et al., 1994), cut with Pvu II, transcribed with
SP6 RNA polymerase; the cDNA inserts of XPTB (Chen et
al., 2003), trypsinogen, and elastase (both from an adult
pancreas cDNA library) in pBK-CMV vector were ampli-
fied by PCR with a pair of primers in the vector (forward:
5V CGCGCCTGCAGGTCGACACTA-3V and reverse: 5V-
GCAAGGCGATTAAGTTGGGTA-3V). Since the reverse
primer is downstream of the T7 promoter in the vector,
the PCR products were directly applied to the in vitro
transcription reaction with T7 RNA polymerase.
Embryo microinjection and animal cap explants
For whole-mount in situ hybridization analysis, 5 pmol
of XRALDH2 morpholino antisense oligonucleotide
(5VCGCTTTGGACTATCCCCTTGTCTCT, Gene Tools,
LLC) and 2 ng of XCYP26A1 (Hollemann et al., 1998)
and XRALDH2 (Chen et al., 2001) mRNAs were injected at
the 1- or 2-cell stage. For the animal cap assay, embryos
were injected as described by Chen et al. (2003). Animal
caps were dissected from stage 9 embryos, cultured in 0.5 
MBS with or without RA treatment at stage 11 for 1 h and
harvested for RT–PCR analysis when control siblings had
reached the appropriate stages.
RT–PCR
Total RNA from whole embryos and animal caps was
isolated by use of the RNeasy kit (Qiagen). All RNAsamples were controlled by 35 cycles of a histone H4-
specific PCR reaction for DNA contamination. RT–PCR
was carried out using the Gene Amp RNA PCR core kit
(Perkin-Elmer). The sequences of primers used in the PCR
reactions and cycle numbers are listed below:
Xenopus histone H4 (24 cycles, Niehrs et al., 1994),
forward: 5V-CGGGATAACATTCAGGGTATCACT-3V
and reverse: 5V-ATCCATGGCGGTAACTGTCTTCCT-3V;
XPDIp (30 cycles, Afelik et al., 2004), forward: 5V-
GGAGGAAAGAGGGACCAA-3V and reverse: 5V-
GCGCCAGGGCAAAAGTG-3V; XlHbox8 (32 cycles),
forward: 5V-AATCCACCAAATCCCACACCT-3V and re-
verse: 5V-GCCTCAGCGACCCAATAGAA-3V; insulin(32
cycles, Henry et al., 1996), forward: 5V-ATGGCTC-
TATGGATGCAGTG-3V and reverse: 5V-AGAGAA-
CATGTGCTGTGGCA-3V; XHex (30 cycles), forward:
5V-GGTTCCAGAACAGAAGAG-3V and reverse: 5V-
CCTTTGTCGCCTTCAATG-3V; transthyretin (32
cycles), forward: 5V-GGAATCCCCGCTGCCAATC-3V
and reverse: 5V-ATGAGAAGGAGTAGGGGGTGA-3V;
trypsinogen (30 cycles, Afelik et al., 2004), forward:
5V-CTGGCTGGGGCAACACTCTC-3V and reverse: 5V-
TAGCCCCAGGACACCACACC-3V.
Quantification of insulin-expressing cells
In stage 34–36 embryos, most insulin-expressing cells
are dispersed in the dorsal pancreatic endoderm, just under-
neath notochord. After whole-mount in situ hybridization
and carefully removing neural tube, notochord, and somites,
insulin-positive cells were counted under the stereomicro-
scope. Insulin-expressing cells in stage 40 embryos were
counted in vibratome sections after whole-mount in situ
hybridization.
Vibratome sectioning
Vibratome sections (30 Am) were prepared as described
previously using the Leica VT1000S vibratome (Hollemann
et al., 1998).Results
RA signaling is required for exocrine and endocrine cell
differentiation in the dorsal pancreatic primordium
All-trans-RA has profound effects on the anteroposte-
rior patterning of Xenopus embryos (Durston et al., 1989).
RA treatment before the end of gastrulation results in a
loss of anterior neural structures but not in an overt
phenotype on gut development (Fig. 1A, panels 3 and
7). BMS453 is a synthetic RA antagonist that is specific
for RA receptors a and g (Matt et al., 2003; Schulze et al.,
2001). BMS453-treated Xenopus embryos do not exhibit
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ment, except for a slight enlargement of the head, as well
as a mild compression of the anteroposterior body axis.
However, at tadpole stages of development, BMS453-
treated embryos exhibit severe gut malformations with a
loss of gut coiling and formation of edema (Fig. 1A,
panels 2 and 6). These effects can be partially rescued
by simultaneous application of a high dose of RA (Fig.
1A, panels 4 and 8), suggesting that BMS453 specifically
inhibits RA signaling in Xenopus embryos in respect to gut
development.
To monitor early events in pancreas, liver, and intestinal
development, we applied a panel of differentiation markers
to RA- or BMS453-treated tailbud and tadpole stage
embryos. XPDIp is expressed in the exocrine portion of
both dorsal and ventral pancreas, first visible by whole-
mount in situ hybridization at stage 39 (Afelik et al., 2004;
Fig. 1B, panel 5); in the dorsal pancreas, BMS453 treat-
ment completely ablates expression of XPDIp (Fig. 1B,
panel 6). Next, we analyzed the expression of trypsinogen
and elastase, which are activated later than XPDIp; at stage
41, trypsinogen and elastase start to be expressed in the
ventral pancreas, extending into the dorsal pancreas at
stage 43 (Horb and Slack, 2002). BMS453 treatment
efficiently blocks expression of trypsinogen (Fig. 1B, panel
14) and elastase (not shown). Thus, inhibition of RA
signaling has similar effects on early and late exocrine
markers of the dorsal exocrine pancreas in Xenopus
embryos.
As a molecular marker for endocrine pancreas develop-
ment, we made use of insulin, which is exclusively
expressed in the dorsal pancreas of Xenopus embryos until
late tadpole stages (Horb and Slack, 2002; Kelly and
Melton, 2000; Fig. 1B, panels 1, 9, and 13). Inhibition of
RA signaling by BMS453 totally ablates insulin-positive
cells (Fig. 1B, panels 2, 10, and 14). Thus, RA signals
appear to be required not only for dorsal exocrine, but also
for dorsal endocrine pancreas development.
Increased RA signaling expands the dorsal endocrine cell
population at the expense of exocrine cells
In gain of function experiments, we studied the effect
of RA on exocrine and endocrine cells in the dorsal
pancreas. Excess of RA results in a dose-dependent
reduction of exocrine cells, as demarcated by XPDIp and
trypsinogen expression in the dorsal pancreas, leading to a
complete loss at 5 AM RA (Fig. 1B, panels 7 and 15;
Table 1). In contrast, titration of RA in the range of 1 to 5
AM RA results in a gradually increasing number of
insulin-positive endocrine cells from an average of 25 in
control embryos to a maximum of 50 to 55 at RA
concentrations around 5 AM (Fig. 1B, panel 3; Table 1).
Thus, RA stimulates the development of endocrine cells
and blocks the formation of exocrine cells in a dose-
dependent manner.RA inhibits Notch signaling in the dorsal pancreas
Since earlier findings had indicated that Notch signaling
promotes exocrine versus endocrine differentiation, we
tested the effect of altered RA signaling on different
elements of the Notch signaling pathway (Fig. 2). Expres-
sion of the Notch receptor itself, as well as of its down-
stream target ESR10 (Fig 2A, panels 3 and 6, as well as
data not shown) is markedly reduced in the prospective
exocrine cells upon application of excess RA. Conversely,
expression of NeuroD (Fig. 2B, panels 3, 6, and 9) in the
prospective endocrine cells is significantly expanded under
the same conditions. If RA signaling is blocked by
treatment with BMS453, expression is ablated for these
genes (Figs. 2A and B, panels 2, 5, and 8). Thus, the
expansion of the endocrine cell population in response to
increased RA signaling seems to occur at the expense of
exocrine cell development via inhibition of Notch signaling
activity.
Ventral pancreas development is only moderately influenced
by RA signaling
Next, we investigated the contribution of RA signaling
on cell differentiation in the ventral pancreas. While RA
treatment resulted in a dose-dependent reduction of exo-
crine marker gene expression in the dorsal pancreas,
expression of the same genes appears to be stimulated in
the ventral pancreas (Fig. 1B, panels 7, 11, and 15).
Conversely, application of BMS453 exerts an inhibitory
influence on the expression of exocrine markers in the
ventral pancreas. While a very weak and delayed expres-
sion of trypsinogen (compare Fig. 1B, panel 14, with Fig.
1C, panel 8) and elastase (not shown) is observed upon
inhibition of RA signaling, XPDIp expression is reduced
to low but still detectable levels at both stages 43 and
48 (Fig. 1B, panels 6 and 10, and Fig. 1C, panels 2, 4,
and 6).
We also analyzed the expression of endocrine marker
genes, such as glucagon and somatostatin, which are
activated later in development in both dorsal and ventral
pancreatic domains (Horb and Slack, 2002; Kelly and
Melton, 2000). Insulin expression remains undetectable
in the ventral portion of the pancreas in the latest stages
(stage 48) tested here (Fig. 1B, panels 9–16, and Fig. 1C,
panels 1 and 2). In contrast, somatostatin and glucagon
expression in the ventral portion of the pancreas is
detectable in both control and BMS453-treated embryos
(Fig. 1C, panels 3–6). As RA-treated embryos hardly
survive beyond stage 46, we were not able to analyze if
RA can also increase endocrine differentiation in the
ventral pancreas. Thus, the effects on pancreas differenti-
ation upon modulation of RA signaling can be summarized
as follows: inhibition of RA signaling by BMS453 treat-
ment inhibits exocrine and endocrine differentiation com-
pletely in the dorsal but only partially in the ventral
Y. Chen et al. / Developmental Bi148pancreas. Conversely, application of excess RA selectively
increases the dorsal endocrine cell population at the
expense of the dorsal exocrine cells, while, in the ventral
pancreas, exocrine differentiation seems to be stimulated
(see also Fig. 1D).Increased RA signaling ablates liver gene expression
The ventral pancreas develops from a precursor cell
population that also gives rise to the liver. To investigate the
effect of RA signaling on liver development, we usedXHex as
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Table 1
Effects of RA and BMS453 on pancreas, liver, and heart marker gene expression
Insulin XPDIp Trypsinogen (st 43) Hoxb-1
(foregut
expression)
XHex
(liver
expression)
Troponin Ic
Dorsal Ventral Dorsal Ventral
Modulators [AM] Effectsa n % n % % n % % n % n % n %
RA 1 21 26 24 ND 19 18
 2 0.0 8 0.0 0.0 0.0 5.3 5.5
 1 8.3 46 11 37.5 0.0 5.3 6.7
0 0.0 46 81 62.5 100 89.4 77.8
+ 1 91.7 0.0 8 0.0 0.0 0.0 0.0
+ 2 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2.5 23 24 27 ND 26 18
 2 0.0 42 0.0 4 0.0 7.7 22.2
 1 7.7 42 16 74 0.0 15.4 27.8
0 0.0 16 34 22 89 76.9 50
+ 1 38.5 0.0 50 0.0 11 0.0 0.0
+ 2 53.8 0.0 0.0 0.0 0.0 0.0 0.0
5 66 33 25 35 50 30
 3 0.0 45 0.0 32 0.0 0.0 12 10
 2 0.0 55 0.0 68 0.0 85 16 36.7
 1 12.1 0.0 18 0.0 0.0 15 28 26.7
0 0.0 0.0 21 0.0 44 0.0 44 26.6
+ 1 21.2 0.0 61 0.0 40 0.0 0.0 0.0
+ 2 66.7 0.0 0.0 0.0 12 0.0 0.0 0.0
BMS453 0.25 152 88 30 67 152 38
 3 100 100 0.0 100 100 91 0.0 0.0
 2 0.0 0.0 100 0.0 0.0 9 0.0 0.0
 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0 0.0 0.0 0.0 0.0 0.0 0.0 100 100
10 51 22 25 22 55 23
 3 100 100 0.0 100 100 100 0.0 0.0
 2 0.0 0.0 100 0.0 0.0 0.0 0.0 0.0
 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0 0.0 0.0 0.0 0.0 0.0 0.0 100 100
RA + BMS453 5 + 0.25 92 27 34 33 68 36
 2 0.0 72 0.0 70 0.0 94 0.0 0.0
 1 45.7 28 92 30 41 6 0.0 0.0
0 28.3 0.0 8 0.0 59 0.0 100 100
+ 1 19.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0
+ 2 6.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0
n indicates number of embryos per experiment; ND, not done.
a Effects:  3, complete loss of expression;  2, more than 90% of normal expression levels are lost;  1, slight loss of expression; 0, close to the normal
expression levels; + 1, slight increase of expression; + 2, the expression level is at least twofold increased.
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developing liver (Newman et al., 1997) and XPTB that is
specific for the liver (Chen et al., 2003).Hoxb-1was used as aFig. 1. Modulation of RA signaling affects endoderm development. (A) BMS453 t
with 0.25 AM BMS453 and 5 AM RA, either alone or in combination, for 30 min a
or stage 46 (panels 5–8, lateral view, anterior towards the right). (B) RA signaling
with 0.25 AM BMS453 and 5 AM RA, either alone or in combination, for 30 min. (
(anterior towards the left, dorsal structures, such as neural tube, notochord, and
(Panels 5–8) Lateral view of stage 40 embryos stained for XPDIp expression (ant
insulin (dark blue) expression in stage 40 embryos. (Panels 13–16) Double-stainin
embryos (anterior towards the left) (panels 13 and 14 ventral view; panels 15 and
positions of dorsal and ventral pancreas in the manipulated embryos are differ
differentiation occurs in the ventral pancreas of BMS453-treated embryos. Gut ex
with opened belly were used for whole-mount in situ hybridization analysis of dif
vibratome sections were prepared after whole-mount in situ hybridization. (Pane
glucagon in blue and the exocrine XPDIp in red. (Panels 7 and 8) Single staining o
the ventral pancreas in BMS453-treated embryos. d indicates dorsal part of the pan
the pancreas. (D) Summary of RA signaling effects on endocrine/exocrine differemore anterior foregut endodermal marker that is expressed in
posterior pharyngeal endoderm as well as in hindbrain rhom-
bomere 4 (Godsave et al., 1994; Poznanski and Keller, 1997).reatment affects gut morphology. Stage 11 pigmented embryos were treated
nd collected at stage 36 (panels 1–4, lateral view, anterior towards the right)
is required for pancreas development. Stage 11 albino embryos were treated
Panels 1–4) Dorsal view of stage 34 embryos stained for insulin expression
somites, were carefully removed after whole-mount in situ hybridization).
erior towards the left). (Panels 9–12) Lateral view of both XPDIp (red) and
g analysis of trypsinogen (red) and insulin (dark blue) expression in stage 43
16 lateral view). Due to the disturbance of the gut movement, the relative
ent from those in the control embryo. (C) Both endocrine and exocrine
plants from stage 48 control embryos and whole BMS453-treated embryos
ferent endocrine/exocrine marker gene expression. Thirty-micrometer-thick
ls 1–6), double-staining with endocrine genes, insulin, somatostatin, and
f trypsinogen in red. White dashed circles in panels 2, 4, 6, and 8 demarcate
creas; int, intestine; li, liver; n, notochord; st, stomach; and v, ventral part of
ntiation shown in B and C.
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Fig. 3. RA signaling is not required for liver specification. Stage 11 albino embryos were treated with 0.25 AM BMS453 and 5 AM RA, either alone or in
combination, for 30 min and collected at stage 32–34 for whole-mount in situ hybridization analysis. Expressions of Hoxb-1 (panels A–D), XPTB (liver,
panels E–H), XHex (panels I–L), Cyl18 (intestine, panels M–P), and troponin Ic (heart, panels Q–T) are illustrated. Yellow and white arrowheads in panels
A–D indicate Hoxb-1 expression in posterior pharyngeal endoderm and rhombomere 4, respectively. The posterior pharyngeal endoderm expression of Hoxb-1
is inhibited under all three conditions (panels B–D). White arrowheads in panels I, J, and L indicate thyroid expression of XHex. Red arrowheads in panels G,
K, and S indicate that the expression of these markers in liver and heart is inhibited.
Y. Chen et al. / Developmental Biology 271 (2004) 144–160 151It turns out that RA treatment of Xenopus embryos specifi-
cally inhibits XHex and XPTB expression in the liver, as well
as XHex expression in thyroid gland, while BMS453 has no
significant effect (Figs. 3E–L; Table 1). Although RA treat-
ment blocksHoxb-1 expression both in pharyngeal endoderm
and in rhombomere 4 (Fig. 3C), RA signaling is specifically
required for Hoxb-1 expression only in posterior pharyngeal
endoderm, but not for rhombomere 4 expression (Fig. 3B),
which is consistent with the data from studies in mouse (Matt
et al., 2003;Wendling et al., 2000). Thus, the effects observed
on liver marker gene expression are different from those
shown for the ventral pancreas and pharyngeal endodermal
markers. While increased RA signaling seems to expand the
ventral pancreas, it interferes with liver and posterior pharyn-
geal endoderm development. In contrast to the development
of the pancreas and posterior pharynges, liver development in
Xenopus embryos does not rely on RA signaling.Fig. 2. RA promotes endocrine development at the expense of exocrine developm
0.25 AM BMS453 or 5 AM RA for 30 min and collected at stage 39/40 for whol
pancreas primordium is downregulated by both RA and BMS453. (Panels 1–3
(corresponding to the red dashed lines shown in panels 1–3). Note that ESR10 exp
(red arrowheads in panels 1–3). ESR10 expression in the dorsal pancreas is block
(48%, n = 36, panels 3 and 6) treatment. (B) NeuroD expression is upregulated by R
9, transversal sections). NeuroD expression is restricted to the dorsal pancreas (pa
(30 AM per section, panel 4 and serial sections in panel 7). 0.25 AM BMS453 trea
and serial sections in panel 8). 5 AM RA significantly expands NeuroD expression
panel 6 and serial sections in panel 9). dp indicates dorsal pancreas; int, intestineSince it is well established that signals from the cardiac
mesoderm influence both pancreas and liver development
(Zaret, 2002), we also analyzed the effect of modulating
RA signaling on heart development by use of troponin Ic
as a marker (Drysdale et al., 1994). Troponin Ic expression
in the developing heart is inhibited in the presence of
excessive RA, which is consistent with previous studies
(Drysdale et al., 1997), but not affected by the RA
inhibitor BMS453 (Figs. 3Q–T). There is a very good
correlation in respect to the RA dose dependence that we
observe for liver and heart gene expression (Table 1).
Thus, it seems likely that the inhibition of liver develop-
ment may, at least in part, be consequence of the inhibition
of heart formation. Finally, expression of the intestinal
marker gene Cyl18 (Chen et al., 2003) is not found to be
influenced significantly by increased or decreased RA
signaling (Figs. 3M–P).ent in the dorsal pancreas. Stage 11 albino embryos were treated with either
e-mount in situ hybridization analysis. (A) ESR10 expression in the dorsal
) ESR10 expression in whole embryos. (panels 4–6) transversal sections
ression in the ventral pancreas is not affected by RA or BMS453 treatment
ed by either 0.25 AM BMS453 (100%, n = 32, panels 2 and 5) or 5 AM RA
A and downregulated by BMS453 (panels 1–3, whole embryos; panels 4–
nel 1, red arrowhead) in control embryo, covering 3–4 transversal sections
tment completely ablates NeuroD expression (100%, n = 58, panels 2 and 5
(panel 3, red arrowheads), spanning 9–12 transversal sections (78%, n = 56,
; nc, notochord; and nt, neural tube.
tal Biology 271 (2004) 144–160RA signaling in the context of pancreas development is
required before the end of gastrulation
With the aim of defining the exact developmental stages
when RA signaling is required for pancreas development,
Y. Chen et al. / Developmen152we have subjected Xenopus embryos at various early
stages of development to a transient exposure of increasing
concentrations of BMS453 (Fig. 4A). Intermediate and
high doses of BMS453 totally ablate insulin expression
if applied before stage 13. A low dose of BMS453 retains
Y. Chen et al. / Developmental Biology 271 (2004) 144–160 153residual insulin expression at most stages tested, with a
significant recovery of insulin-positive cells observed from
treatment at stage 13 and later. Application of the RA
inhibitor after stage 13 never resulted in a complete
suppression of insulin-expressing cells, even at the highest
dose tested. Thus, we conclude that RA signaling is
required for pancreas specification during the process of
gastrulation. We also performed a similar series of experi-
ments with RA-treated embryos (data not shown). The
timing of RA-mediated effects is similar to what has been
observed with BMS453.
We had previously characterized the two key enzymes
for RA metabolism in Xenopus embryos, namely,
XCYP26A1 (Hollemann et al., 1998), mediating RA deg-
radation, and XRALDH2 (Chen et al., 2001), responsible
for RA synthesis. Both genes are expressed during gastru-
lation in a complementary, nonoverlapping pattern.
XRALDH2 mRNA is strongly expressed in the internal
involuting mesoderm, while XCYP26A1 is predominantly
expressed in the prospective anterior neural plate (Fig. 4B).
Thus, the internal involuting mesoderm may serve as an RA
signaling center for the adjacent endoderm that will give rise
to liver and pancreas precursor cells. In an attempt to
manipulate the level of RA signaling during gastrulation,
we performed mRNA microinjection experiments with
either XRALDH2 or XCYP26A1. Expansion of the RA
signaling center by overexpression of XRALDH2 resulted
in a phenotype comparable to the one observed upon
exogenous application of RA, as evident from inhibition
of XHex and expansion of insulin expression (Fig. 4C).
Conversely, suppression of endogenous RA signaling by
ectopic expression of XCYP26A1 combined with a knock-
down of RALDH2 resulted in effects comparable to those
obtained with BMS453, that is, inhibition of insulin expres-
sion (Fig. 4C).
RA signaling positively regulates the expression of early
pancreatic precursor cell transcription factors
To further explore the effects of RA signaling, we
analyzed the expression of transcription factors that areFig. 4. Gastrula stage embryos require RA signaling for pancreas specification.
specification. Embryos were treated with increasing amounts of BMS453 (as in
collected at stage 34. Insulin-expressing cells were counted (5 embryos per treatm
corresponding numbers and standard deviations are displayed in the graph, the P v
number of insulin-expressing cells in control stage 34 embryos (standard devia
gastrulation suggests that an endogenous RA concentration gradient is created for t
Posterior-dorsal view of stage 11 embryos stained for XRALDH2 and XCYP26
demarcating the prospective dorsal pancreatic precursor cells relative to the expre
alteration of XRALDH2 and XCYP26A1 activities affects pancreas and liver devel
LacZ mRNA were coinjected into one blastomere of 2-cell stage embryos from th
retinal alone did not result in significant effects, data not shown). Stage 40 embryos
5, and serial sections in panel 8; number of insulin-expressing cells: 80 F 8, n = 3
pmol XRALDH2 morpholino antisense oligos were coinjected at the one-cell st
hybridization was simultaneously done with XHex and insulin probes (panels 3 and
embryos stained for XHex and insulin expression are shown in panels 1, 4, and
intestine; nc, notochord; nt, neural tube; ppp, putative dorsal pancreatic precursorspecifically expressed in pancreatic precursor cells before
the differentiation of endo- and exocrine lineages. Pdx1
(referred to as XlHbox8 in Xenopus) and Hlxb9 (xHB9 in
Xenopus) are early and general markers of pancreatic
precursor cells (Edlund, 2002). In tailbud-/tadpole-stage
Xenopus embryos, these genes are uniformly expressed in
both dorsal and ventral pancreas (Saha et al., 1997; Wright
et al., 1989). Both are upregulated upon application of
excessive RA, with a pronounced expansion of the dorsal
pancreas along the anteroposterior axis and a less severe but
significant increase of expression in the ventral pancreas.
Conversely, inhibiting RA signaling with BMS453 results in
complete repression in the dorsal pancreas and a partial
inhibition ventrally (Fig. 5).
As a third marker, we have used p48, which is specific
for pancreatic precursor cells during early embryogenesis
and becomes restricted to the exocrine pancreas during
later stages of pancreas development in the mouse (Krapp
et al., 1998). In Xenopus, p48 is expressed in a similar
pattern (S.A., Y.C., T.P., unpublished observations and
Figs. 5Q and U). Its response to modulating RA signaling
is similar to the effects observed for the other two pancreas
precursor cell markers XlHbox8 and xHB9. Dorsal expres-
sion is expanded upon upregulation of RA signaling and
inhibited upon blocking RA signaling (Fig. 5, panels R–T
and V–X). Interestingly, in respect to the dorsal pancreas,
this situation is in contrast to the RA response of exocrine
differentiation genes like XPDIp or trypsinogen, which we
find to be negatively regulated by RA signaling in the
dorsal pancreas (see above), indicating that the RA-depen-
dent expression of p48 reflects its function in pancreatic
precursor cells rather than its activity in the context of
exocrine differentiation. Thus, RA expands and BMS453
reduces the pancreatic precursor cell population in Xeno-
pus embryos.
Inhibition of RA signaling results in ectopic expression of
Shh in the dorsal pancreatic anlage
Shh expression is specifically excluded from the dorsal
and ventral pancreatic buds in vertebrate embryos, and(A) RA signaling before the end of gastrulation is essential for pancreas
dicated) for 30 min at different developmental stages (as indicated) and
ent) by dissecting the embryos after whole-mount in situ hybridization; the
alue is less than 0.005 (Student t test). The dashed line indicates the average
tion: 8%). (B) Expression pattern of XRALDH2 and XCYP26A1 during
he specification of putative dorsal pancreas precursor cells. (Panels 1 and 2)
A1 expression by whole-mount in situ hybridization. (Panel 3) Diagram
ssion domains of the genes analyzed. (C) Modulation of RA signaling via
opment. To increase RA signaling, 2 ng of XRALDH2 mRNA and 50 pg of
e marginal zone and treated with 5 AM retinal at stage 12.5 for 1 h (5 AM
were stained with X-gal before whole-mount in situ hybridization (panels 2,
2; P < 0.005). To decrease RA signaling, 2 ng of XCYP26A1 mRNA and 5
age from the animal pole and collected at stage 40. Whole-mount in situ
6; number of insulin-expressing cells, 6 F 3, n = 28; P < 0.005). Control
7 (number of insulin-expressing cells, 60 F 5). in indicates insulin; int,
cells; and xh, XHex.
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topic pancreas development; conversely, elevated levels of
Shh have been found to impair pancreas formation (Apelq-
vist et al., 1997; Hebrok et al., 1998). We therefore tested if
Shh expression is affected in RA- or BMS453-treated
Xenopus embryos. In control tailbud stage embryos, Shh
is expressed in the brain, notochord, and floor plate, as wellas in the anteriormost portion of the endoderm that lines the
oral and pharyngeal cavities, while there is no detectable
signal in the dorsal pancreatic anlage (Ekker et al., 1995 and
Fig. 6). Upon BMS453 treatment, Shh expression expands
posteriorly into the territory of the dorsal endoderm at
tailbud/tadpole stages of development. In RA-treated em-
bryos, Shh expression in oral cavity and forebrain is
Y. Chen et al. / Developmental Biology 271 (2004) 144–160 155reduced, probably due to the typical RA-induced loss of the
corresponding anterior structures. Taken together, the data
obtained reveal that inhibition of RA signaling by BMS453
treatment during gastrulation leads to ectopic expression of
Shh in the presumptive dorsal pancreas region of tailbud
stage embryos.
In vitro conversion of presumptive ectodermal cells into a
pancreatic fate by a combination of RA and VegT/b-catenin
Finally, we asked whether the endogenous RA signaling
function in pancreas specification could be mimicked in an
in vitro system with pluripotent embryonic precursor cells.
Our previous studies had demonstrated that a combination
of VegT and h-catenin can convert prospective ectodermal
cells to a liver fate (Chen et al., 2003). As revealed by RT–
PCR analysis, application of RA to VegT/h-catenin-
injected animal caps at the equivalent of stage 11 does
promote expression of various pancreatic marker genes,
including XlHbox8, insulin, trypsinogen, and XPDIp (Fig.
7A). Expression of liver and intestine marker genes in VegT/
h-catenin-injected caps is not altered by RA application,
indicating that different types of cells coexist in the
explants. Interestingly, coinjection of noggin leads to a
significant increase of pancreas gene expression, as revealed
by both RT–PCR and whole-mount in situ hybridization
(Figs. 7A and B). At the same time, coinjection of noggin
also results in the reduction of liver gene expression (Fig.
7A). This latter finding correlates with the observation from
murine foregut endoderm explants treated with noggin
(Rossi et al., 2001). Thus, these experiments provide a first
hint on that it may be possible to direct pluripotent embry-
onic precursor cells from Xenopus to develop into pancre-
atic cells by reconstructing the embryonic pathway from
primitive endodermal cells to differentiated endocrine and
exocrine cells.Discussion
In the present study, we have characterized the effects of
either increasing or decreasing RA signaling on pancreas
and liver development in Xenopus embryos. Inhibition of
RA signaling during gastrula stages results in a total loss ofFig. 5. Excessive RA signaling expands the expression domain of pancreatic pre
BMS453 and 5 AM RA, either alone or in combination, for 30 min and collected at
D) XlHbox8 expression in stage 34 control and manipulated embryos. BMS453 tr
and duodenum and partially inhibited the expression in the ventral pancreas anl
XlHbox8 expression domain (as demarcated by red arrowheads; 96%, n = 112). (P
lines) shown in panels A–D. (Panels I–L and Q–T) Expression of xHB9 and P
completely abolished the expression of both genes in dorsal pancreas (panels J, N
panels J and R; xHB9: 100%, n = 41; Ptf1a/p48: 100%, n = 34). RA treatment pos
pancreas (panels K, O, S, and W). The dorsal pancreatic expression domain is ex
82%, n = 34). (Panels M–P and U–X) Transversal sections corresponding to the
BMS453 and RAwere partially neutralized when both chemicals were applied sim
dorsal pancreas anlage; int, intestine; nc, notochord; nt, neural tube; vp, ventral pdorsal pancreas development, while the ventral pancreas is
only moderately affected. The observed loss of the dorsal
pancreatic rudiment correlates with a marked expansion of
the Shh expression domain into the dorsal endoderm. In
contrast, application of excessive RA during gastrulation
expands the endocrine at the expense of the exocrine cell
population in the dorsal pancreas via inhibition of Notch
signaling activities. Conversely, excessive RA stimulates
exocrine pancreatic gene expression in the ventral rudiment
and simultaneously inhibits liver development. The RA-
induced effects are partially recapitulated in pluripotent
embryonic precursor cells programmed to develop into
primitive dorsal endoderm by a combination of VegT and
h-catenin.
RA-mediated patterning of the endoderm during gastrulation
The data presented in this communication suggest that
RA plays an important role for endoderm patterning during
gastrulation of Xenopus embryos. Formally, however, we
cannot exclude the possibility that the effects observed
reflect an indirect mechanism, in which RA exerts its
regulatory activity on the patterning of the mesoderm,
which in turn would play a critical role for the patterning
of the endoderm. A prepattern of the endoderm has been
proposed to exist already at gastrula stages since, for
example, dorsal vegetal explants, but not ventral ones,
express XlHbox8 in a cell-autonomous manner (Gamer and
Wright, 1995; Henry et al., 1996). The patterning activities
of RA that we have described here, as well as the presence
of a RA signaling center (RALDH2-positive cells) in close
contact with the prospective pancreas precursor cells,
provide good support for the idea that RA is critically
involved in establishing a prepattern in gastrula stage
endoderm. RALDH2 expression during gastrulation is
confined to the involuting mesoderm. It has been sug-
gested that the dorsal pancreatic rudiment may be derived
from the suprablastoporal endoderm, while the two ventral
pancreatic rudiments may originate from the large yolky
cells of the subblastoporal endoderm of stage 10.5 Xen-
opus gastrulae (Chalmers and Slack, 2000; Kelly and
Melton, 2000). Thus, the close superposition of RA-pro-
ducing cells is in line with a critical role of RA as a
signaling molecule for the pancreatic precursor cells. Thecursor cell markers. Stage 11 albino embryos were treated with 0.25 AM
stages 34 and 40 for whole-mount in situ hybridization analysis. (Panels A–
eatment completely blocked XlHbox8 expression in dorsal pancreas anlage
age (100%, n = 106). RA treatment dramatically increased the pancreatic
anels E–H) Transversal sections corresponding to the embryos (red dashed
tf1a/p48 in stage 40 control and manipulated embryos. BMS453 treatment
, R, and V); ventral expression was only partially reduced (red arrows in
itively regulated xHB9 and Ptf1a/p48 expression in both dorsal and ventral
panded (red arrowheads in panels K and S; xHB9: 86%, n = 41; Ptf1a/p48:
red dashed lines shown in panels I–L and Q–T. The opposing effects of
ultaneously (panels D, H, L, P, T, and X). dp indicates dorsal pancreas; dpa,
ancreas; and vpa, ventral pancreas anlage.
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do contain mesodermal cells and that mesoderm-free
explants isolated during neurula stages fail to express
genes like XlHbox8, while they do so if cocultivated with
mesoderm, suggesting that the regional specification of the
endoderm requires mesodermal signaling (Horb and Slack,
2001). We also noticed RA-induced expression of FoxF1,
a mesodermal marker that is normally expressed through-
out the gut mesoderm, in our VegT/h-catenin-programmedFig. 6. Inhibition of RA signaling leads to ectopic expression of Shh in the presu
either 0.25 AM BMS453 or 5 AM RA for 30 min and collected at stage 36 for w
stage 36 control and manipulated embryos. (Panels D–F) Transversal sections co
Serial transversal sections span the regions between the two white arrowheads in p
of control (panels A, D, and G) and RA-treated embryos (panels C, F, and I, 100
embryos (panels B, E, and H, white dashed circles in E and H, 63%, n = 58). The
dpa indicates dorsal pancreas anlage; fp, floor plate; and nc, notochord.ectodermal explants that are positive for pancreas marker
genes (data not shown). In another series of endoderm
grafting experiments, Zeynali et al. (2000) observed that
the anterior endoderm in Xenopus is determined late
(between stages 25 and 28) under the influence of meso-
derm. Nevertheless, and as pointed out by Horb and Slack
(2001), these observations do not rule out the possibility
that an early labile specification exists and depends on the
continuous interaction with the mesoderm or other neigh-mptive dorsal pancreas region. Stage 11 albino embryos were treated with
hole-mount in situ hybridization analysis. (Panels A–C) Shh expression in
rresponding to the white dashed lines shown in panels A–C. (Panels G–I)
anels A–C, respectively. Shh is not expressed in the dorsal pancreas anlage
%, n = 62), but it is expressed in the dorsal endoderm of BMS453-treated
red arrowheads in panels A and B indicate the positions of the otic vesicle.
Fig. 7. RA induces pancreas development in VegT/h-catenin-injected pluripotent precursor cells. (A) RT–PCR analysis of liver and pancreas marker gene
expression in ectodermal explants (animal caps), which were harvested from stage 9 embryos and cultivated to the equivalent of the embryonic stage 42. (B)
Double-staining whole-mount in situ hybridization analysis of insulin (blue) and XPDIp (red) expression in stage 42 ectodermal explants treated as indicated.
CE, control embryo; CC, control explants (caps); + RA, control or injected caps, were treated with 5 AM RA at the equivalent of stage 11 for 1 h; V/h, VegT/h-
catenin-injected caps. The amount of mRNAs injected were 500 pg per embryo of VegT, 200 pg per embryo h-catenin, and 250 pg per embryo noggin.
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results reported here, with RA serving as such an early
patterning activity for the endoderm; the nature of the later
acting maintenance signal(s) is not evident, but it (they) is
(are) unlikely to be identical to RA itself, since inhibition
of RA signaling after gastrulation has no overt effect on
pancreas development.
Differential regulation of dorsal versus ventral pancreas
development
While RA signaling is required for proper dorsal and
ventral pancreas development, excessive RA promotes
endocrine at the expense of exocrine development dorsal-
ly; conversely, excess RA stimulates exocrine gene ex-
pression ventrally. The development of endocrine- and
exocrine-specific cells from a group of equipotent precur-
sor cells is known to be regulated by Notch signaling.
The Notch-activated bHLH transcriptional repressor
ESR10 may have a function similar to mammalian Hes1
in exocrine differentiation. As Xenopus ngn3 homologue
has not been reported to exist, we employed further
downstream gene NeuroD in this study. The loss of
exocrine cells upon application of exogenous RA corre-
lates with and is likely to be the result of an inhibition of
Notch signaling activity that occurs parallel to an increase
in NeuroD expression, which one would expect to be
paralleled by enhanced levels of the Notch ligand Delta
(not analyzed here). Mechanistically, inhibition of Notch
signaling in the presence of increased signal levels may
be installed via inhibiting the expression of the Notch
receptor, as observed. ESR10 is expressed in the ventral
pancreas in the absence of NeuroD, and ventral expres-
sion of ESR10 is not downregulated upon RA application.
Thus, ventral expression of this Notch response gene
must be regulated via an alternative avenue than in the
dorsal pancreas.
Expansion of the Shh-positive endodermal territory
upon inhibition of RA signaling as observed dorsally
was not observed ventrally. To test for the effect of the
ectopic activation of Hedgehog signaling in respect to
ventral pancreas development, we have also injected
mRNA encoding a constitutively active version of the
signal-transducing protein Smo (XSmo-M2, Koebernick
et al., 2003), as well as Shh-encoding mRNA. Both treat-
ments resulted in a gut phenotype similar to the one caused
by BMS453 treatment. However, pancreatic marker genes
were expressed in a pattern similar to control embryos
(data not shown). It has previously been reported that
misexpression of human SmoM2 in Xenopus leads to
apancreatic embryos (Zhang et al., 2001). However, in
the same study, RT–PCR analysis had already revealed
that insulin and XlHbox8 were expressed in whole diges-
tive tracts isolated from injected embryos. Thus, taken
together, these studies seem to suggest that increased
Hedgehog signaling activity alone is not sufficient tosuppress dorsal or ventral pancreas specification in Xen-
opus. It can, however, not be excluded that the relative or
local increase in signaling activity during the relevant
stages of embryogenesis achieved in these mRNA injection
experiments is insufficient.
RA-mediated effects on endodermal patterning in other
vertebrate species
Two recent studies published while the work presented
here was already in progress support the idea of a
regulatory function for RA signaling in the context of
early endodermal patterning. Kumar et al. (2003) have
used explants from chicken and quail embryos to demon-
strate that lateral plate mesoderm exerts an instructive
signaling activity on the adjacent endoderm in respect to
the expression of various pancreas marker genes. RA
signaling was found to be sufficient to induce Pdx1
expression in anterior explants that contained both endo-
derm as well as mesoderm and would normally not
develop into pancreatic tissue; RA was not sufficient to
induce endodermal Pdx1 expression in the absence of
mesoderm. Thus, RA may work indirectly via the meso-
derm rather than directly on the endoderm or it may act
directly in concert with mesodermally derived signals.
Most relevant for the studies with Xenopus embryos
presented here, Stafford and Prince (2002) have analyzed
the function of RA signaling for pancreas development in
the zebrafish. While some of the effects observed in the
fish equal those obtained in the frog system, others do not.
In both systems, inhibition of RA signaling during gastru-
lation results in a dramatic reduction of pancreas gene
expression. However, application of excess RA resulted in
an expansion of both exo- and endocrine cells in the fish,
while it resulted in an expansion of the endocrine cell
population at the expense of the exocrine cells in the
dorsal pancreas of the frog. Furthermore, while inhibition
of RA signaling correlated with a loss of liver in the fish,
liver development in the frog was unaffected in the same
situation. Effects of RA treatment on Notch or Hedgehog
signaling were not described by Stafford and Prince
(2002). In addition, it had also been reported that, in stark
contrast to the situation in mouse and frog, Shh exerts a
positive regulatory activity on pancreas development in the
fish (diIorio et al., 2002; Roy et al., 2001). The pancreas
develops from two separate domains in both Xenopus and
zebrafish; we note, however, that their response to a
modulation of RA signaling is indistinguishable in the
fish, while dorsal and ventral pancreas in the frog differ
significantly in several aspects of pancreas gene expression
(as discussed above). It has been pointed out (Biemar et
al., 2001) that the pancreatic primordia in the zebrafish
embryo are not truly equivalent to the pancreatic buds, as
they develop in other vertebrates including Xenopus.
Gastrulation in zebrafish results in the formation of a sheet
of endodermal cells rather than a proper endodermal tube.
Y. Chen et al. / Developmental Biology 271 (2004) 144–160 159Therefore, the discrepancies of results obtained in a
comparison of both systems in respect to pancreas and
liver development may, at least in part, reflect the differ-
ences in respect to gut tube formation in fish and frog
embryos.
Programming pluripotent embryonic precursor cells
towards a pancreatic fate
It seems of considerable general interest to establish
experimental protocols that allow to generate specific pan-
creatic cells from pluripotent embryonic precursor cells in
vitro. Moriya et al. (2000a,b) have used either dorsal
blastopore lip explants or activin-treated animal cap
explants to demonstrate that retinoic acid can promote the
formation of structures that have a pancreatic morphology
and which express XlHbox8 as well as insulin. We have
previously described a related approach that tries to reca-
pitulate the early embryonic events of endoderm formation,
also making use of the animal cap system; cultivation of
ectodermal explants coinjected with VegT and h-catenin, as
a means to generate primitive dorsal endoderm, results in
the induction of the liver-specific, but not the pancreas-
specific, gene program (Chen et al., 2003). In extension of
these earlier studies, we now report on the formation of
clusters of exocrine and endocrine pancreatic cells in VegT/
h-catenin-injected animal cap explants upon treatment with
retinoic acid. Application of noggin to the system further
enhances both endocrine (insulin) and exocrine (XPDIp)
gene expression. In contrast, in an in vitro culture system of
dissociated pancreatic cells from the E15.5 mouse fetus,
BMPs promoted formation of cystic epithelial colonies
containing isletlike structures (Jiang et al., 2002). Based
on mutant analysis, it has been shown that BMP signaling
has a positive role in zebrafish pancreas specification and
development (Tiso et al., 2002). BMPs can also induce Pdx1
expression in recombinants of endoderm and mesoderm
tissues from early chicken embryos (Kumar et al., 2003).
The discrepancy between our data and previous studies
might be due to the different experimental context in the
different systems employed. The function of endogenous
BMP signaling in Xenopus embryos for pancreas develop-
ment remains to be investigated.Acknowledgments
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